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A B S T R A C T
Within this paper we describe an unmanned aerial vehicle (UAV) based method to estimate the spatial feed pellet
distribution in salmon ﬁsh-cages and exploit it within a case study to determine the radial pellet distribution for
diﬀerent rotor spreaders and blower conﬁgurations. Compared to previously used methods, capturing pellets
thrown from a rotary feed spreader in rows of Styrofoam boxes, the UAV based method is simpler and faster to
setup and allows to cover a larger portion of the sea cage surface area. We compare results obtained with the
Styrofoam box method with results we obtained by an automatic analysis of aerial videos taken by the UAV
during feeding experiments. The employed method helps to gain insight into the spatial feed pellet distribution
in full-scale salmon ﬁsh-cages where the feeding pipe and actual ﬁxation of the spreader may inﬂuence the
dynamic behaviour of the feeding system. This can also be seen as a step towards a continuous measuring of the
feed pellet distribution, particularly in view of possible future feeding systems that may allow to adapt the feed
pellet distribution to the actual ﬁsh distribution.
1. Introduction
1.1. Motivation
In Norway, production and export of salmon are key contributions
to the economy and within the aquaculture production feeding re-
presents currently the single most important cost factor. Optimizing the
feeding is therefore of high commercial interest and requires a deeper
understanding of the feeding process itself.
Within this paper we describe an automated method for estimating
the spatial feed pellet distribution that results from rotor spreaders that
are commonly employed in salmon ﬁsh cages. The aim of this study is to
evaluate the eﬀectivity of an experimental setup for measuring the
pellet-distribution with an unmanned aerial vehicle (UAV) based
camera system at a full scale ﬁsh farm. Basic image analysis is used to
estimate the count of pellet droppings on the water surface.
1.1.1. Optimizing feeding
Optimal feeding aims to reach a maximum growth of the ﬁsh.
Therefore, optimal feeding is characterized by the fact that all hungry
ﬁsh are fed and that simultaneously a maximum of the feed is consumed
by the ﬁsh, thereby minimizing feed pellet loss. Failing to do so might
result in one or several of the following issues; underfeeding, reduced
growth, increased stress due to increased competition among ﬁsh, a
larger size variation and nutrient discharge to the environment (Einen
et al., 1995; Kadri et al., 1996; Noble et al., 2008; Talbot, 1993; Talbot
et al., 1999) all leading to economic losses for the ﬁsh farmers. Reduced
ﬁsh welfare is also directly linked to reduced feed intake and growth
(Attia et al., 2012; López-Olmeda et al., 2012). Thus, when feeding
large populations of ﬁsh in sea cages, it is anticipated that spreading the
feed pellets uniformly and over a large area is beneﬁcial (Attia et al.,
2012; Juell, 1995; Kadri et al., 1996; Metcalfe and Thorpe, 1992; Olla
et al., 1992; Thomassen and Lekang, 1993). The underlying thought is
that the feed pellets should be delivered in a way such that the ﬁsh can
ﬁnd and eat the pellets, at a rate adapted to the appetite of the ﬁsh
(Talbot et al., 1999). Currently the main uncertainty related to the
feeding process is associated to the uniformity of the surface coverage
of feed pellets distributed with currently used rotor spreaders.
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1.1.2. Commercial background
Farmed production of Atlantic salmon (Salmo salar) has increased
from 297 to over 2.3 million tonnes globally from 1970 to 2014 (FAO,
2015) and continues to follow this trend. In 2016, the Norwegian
aquaculture industry produced Atlantic salmon and rainbow trout at
978 sea based sites with a total product value of 6.7 billion EUR
(Sandberg and Steinseide, 2017). The cost of feed represents about 50%
of all expenses (Winther et al., 2011) and 1.6 million tonnes of feed
were administered at Norwegian salmon and trout farms in 2016.
At a feed price of about 1.2 EUR/kg in 2016 (Norwegian Directorate
of Fisheries, 2013) this corresponds to a total value of about 2 billion
EUR. While in the sea, the cage ﬁsh is fed a diet mainly consisting of a
mixture of soy protein concentrate, rapeseed oil, ﬁsh meal, ﬁsh oil and
wheat starch (Ytrestøyl et al., 2014) in the form of a 3-12mm diameter
pellet adapted to the current size of the ﬁsh.
1.2. Related work
Some models have been developed previously to describe the pellet
distribution from a rotor spreader on the surface and in the water along
with the simulation of ﬁsh behaviour and feeding in salmon cages
(Alver et al., 2004, 2016; Føre et al., 2009). In order to provide input to
such models, experiments have been conducted to investigate the
spreading by counting pellets landing in two rows of Styrofoam boxes
on the water surface. The results showed that the distribution was an-
nular (ring-shaped), often skewed to one side, and covered a limited
percentage of the sea cage surface area (Oehme et al., 2012). The
Styrofoam box method is simple, but it conceptually covers only a small
portion of the surface area, requires weighting or photographing and
counting. In addition the boxes are diﬃcult to put and hold into posi-
tion within a real sea cage. Therefore, there is a need for alternative
methods which are simpler, faster and which can be applied to a wide
selection of spreader designs including future spreaders that may allow
for a more targeted spreading of the pellets.
The solution we investigate in this paper exploits the automated
analysis of videos recorded by an UAV. An experiment also using an
UAV was performed by Skøien et al. (2016a), however their manual
counting analysis was restricted to a small cross section emulating the
area previously covered by Styrofoam boxes. Note that compared to the
Styrofoam box method, which only cover limited segments, the method
presented from this study can cover the entire water surface. However,
the challenges lie in identifying pellets over a large area with varying
lighting conditions from a single camera footage. In order to cope with
diﬀerent lighting conditions one often needs to employ thresholding
techniques without introducing a user based bias. Many of these tech-
niques are surveyed within (Sezgin and Sankur, 2004). Morphological
ﬁlters (Soille, 2003) represent another important class of ﬁlters for
Image Analysis and are often exploited for the extraction of “countable”
objects in images. A broader overview into low-level computer vision
(including feature detection and segmentation) which is useful for
counting in images can be found in Szeliski (2010). To verify the
method, the results are compared with a reference measurement ob-
tained using the previous Styrofoam box method.
2. Materials and methods
2.1. Experimental setup
The experiment was conducted in the time period from the 4th to
the 6th of August 2015 at the ﬁsh farming location Korsneset in the
Halsa municipal in central Norway.
2.1.1. Cage and site-location
The ﬁsh farm has geographic coordinates 63°8′46,7″N, 8°13′17.5″E
and a detailed map of this site is illustrated in Fig. 1. It is administered
from a barge which is moored between cage nine and seven (Fig. 1). A
circular High Density Polyethylene (HDPE) cage at the position labeled
with number six (cf. Fig. 1) was used throughout the experiment. The
circumference of the cage was 157m, which is a typical size of Nor-
wegian sea cages (Oppedal et al., 2011). No ﬁsh net was mounted to the
cage and no ﬁsh was present during the duration of the experiment. A
circular bird net frame (known as hamster wheel) with a circumference
of 72m was placed in the center of the cage (Fig. 2).
2.1.2. Feed distribution system
The feed barge contains an array of silos holding feed pellets which
may be of diﬀerent size and ingredient compositions. The particular
pellet type used for all the experiments was a 9mm Optiline S L 2500-
50A (Skretting, Stavanger, Norway). The pellet transport from the
barge to the sea cage is performed pneumatically using blowers (Omega
CB131 C, Kaeser Compressors, Inc., Fredericksburg, VA, USA) which
are able to move 10.85m3/min of air at up to 1 bar pressure diﬀerence.
The feed pellets are transported through a high-density polyethylene
(HDPE) pipe with an outer diameter of 90mm and a wall thickness of
7mm. The pipe length measured 317m from the selector valve on the
barge to the rotor spreader. The feed pipe was tied to the ﬂoating collar
in such a way that the pipe was as straight as possible from the edge of
the hamster wheel towards the centre of the cage, where the rotor
spreader was moored. The feed pipe terminates in a rotor spreader (cf.
next Section 2.1.3), centrally placed, which spreads the pellets across
the water surface. Both the pellet throw and the rotation of the spreader
are driven by the same airﬂow, and the latter arises due to the spiral
shape of the outlet pipe. This design is popular among ﬁsh farms and is
often used due to its simplicity, low cost and low maintenance. Variants
of this spreader type can be found across the world.
2.1.3. Rotor spreaders used in the experiment
The particular rotor spreaders we used within our case study were
the AKVA Group “CF90 Double” and the AKVA Group “Hex Base”. Both
spreaders are commonly used in sea based salmon aquaculture (Skøien
et al., 2015) and consist of a 90° bent steel pipe, where the lower end is
connected to the feed pipe, and the upper part is connected to a bearing.
The bearing allows the upper lightweight aluminium pipe (center pipe)
to rotate, spreading the feed pellets in an annular pattern (Oehme et al.,
2012). At the end of the center pipe there is also an adjustable spout
allowing for an alteration of the pellet trajectory. Both spreaders were
tested with an aluminium center pipe with a bend radius of 600mm, in
our experiments referred to as C600 for the “CF90 Double” and H600
for the “Hex Base”. The “Hex Base” spreader was additionally tested
with a center pipe with a bend radius of 450mm, to which we refer to
as H450. The three used spreader instances are shown in Fig. 3.
All used spreader pipe outlets have an upwards angle of 15° with
respect to the horizon. The spreader design diﬀers in that the “CF90
Double” is kept ﬂoating by a buoy attached directly below the bearing
on a shaft, and a counterweight at the bottom end of the shaft is
maintaining the spreader in an upright position thereby counteracting
the roll and pitch of the spreader, whereas the bearing of the “Hex
Base” spreader is supported by three equally spaced HDPE support
beams attached to a hexagonal ﬂoating frame that consists also of HDPE
pipes arranged in a hexagonal shape thereby maintaining the stability
of this spreader type.
2.2. Data acquisition
In order to record the pellets that drop with a splash into the water,
we used a UAV to record aerial videos from a top-view position of the
hamster wheel in the ﬁsh cage. For comparison, we performed a manual
reference measurement during one of the experiments by placing and
arranging Styrofoam boxes in a cross-formation onto the water surface.
Both the UAV recordings and manual Styrofoam box sampling are de-
scribed below in more detail.
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2.2.1. Aerial image capture details
The image sequences were captured using an Unmanned Aerial
Vehicle (UAV), Dji Inspire 1 UAV (Shenzhen, China). The UAV was
positioned directly above the rotor spreader at a height of 25.85m. The
UAV carried a 4 K camera with 94° FOV, a lens with 9 elements in 9
groups, and a 1/2.3 inch CMOS sensor in a 3-axis stabilization gimbal.
The images were shot at 25 FPS with an image resolution of
4096×2160 pixels. The camera was calibrated using a 7×9 (A4)
checker-board calibration pattern. The gimbal was set to point the
camera straight down, perpendicular to the water surface. It is assumed
that this camera orientation was maintained throughout the experi-
ment, hence avoiding the need to compensate for the roll and pitch of
the UAV.
2.2.2. Styrofoam box sampling
For comparison, during the C600 spreader experiment, we also
sampled the pellet distribution using Styrofoam boxes (Bewi AirBOX).
The size of a single Styrofoam box was 0.4m×0.8m and the boxes
were mounted in four radial arrays with a separation angle of ap-
proximately 90°. Each row consisted of 26 boxes connected on the long
edge by plastic clamps. The ﬁrst row was aligned along the feed pipe.
Fig. 4 shows a top-view of the hamster wheel containing the rows of the
Styrofoam boxes. Note that no pellets were observed to land outside of
the hamster wheel and the Styrofoam boxes were therefore placed only
in the inner part of the hamster wheel covering the radius from the
rotor spreader to the inner edge of the frame. Each box was marked
with a unique ID number in the bottom for a later identiﬁcation within
Fig. 1. Overview of the site. The ﬁsh farming site Korsneset with cage number indications. The experiment was conducted at cage 6. The position of the feed barge is
indicated between cage 9 and 7.
Fig. 2. The experiment cage, i.e. the ﬂoating collar along with the centered circular bird net frame (hamster wheel) is shown in the foreground. Also the feed barge
can be seen in the background (top-left corner), as well as the white feed pipe running between the barge and the cage.
Fig. 3. Rotor spreaders used in the experiment. From left to right: CF90 Double with 600mm bend radius center pipe (C600), Hex Base with 600mm bend radius
center pipe (H600), Hex Base with 450mm bend radius center pipe (H450) (illustrations by courtesy of AKVA Group AS).
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the images.
2.3. Experiments
The actual experiments were performed in batches for the three
rotor spreader conﬁgurations i.e. C600, H600 and H450 (cf. Section
2.1.3). Note that the Styrofoam boxes were only used during experi-
ments with the C600 rotor spreader. Before running the H600 and H450
experiments, the boxes were removed. A single spreader experiment
started with a pure airﬂow of about 20 s before the feed pellets were
released from the silo into the feed pipe. This ensured that the spreader
rotation speed was already stable enough to prevent data skew caused
by slow airspeed at the beginning of tests. The UAV captured aerial
images during the entire feed batch delivery, and docked on the re-
search support vessel in-between experiments. After each batch for the
C600 experiments the content of every Styrofoam box was photo-
graphed for later counting of pellets and emptied before the start of the
next batch. Two diﬀerent airﬂow speeds were used in the experiments;
16 m s-1 and 20m s-1. Three replicate experiments were run for each air
speed. Each consisted of one batch of feed pellets delivered at 20 kg/
min for 1min. Wind speed and direction was also recorded during each
test using a 7N1 V10 anemometer (TFA, Dostmann GmbH & Co. KG,
Wertheim, Germany).
The mean pellet speed through the feed pipe was measured by
taking the time from the ﬁrst pellets entering the feed pipe, to their exit
at the rotor spreader.
2.4. Data analysis
2.4.1. Reference coordinate system and virtual box segments
For the evaluation and comparison of the experiments we in-
troduced a reference coordinate system that has its origin in the center
of the spreader, the positive x-axis goes along the feed pipe – away from
the spreader – and the z-axis is pointing down towards the sea (compare
(Skøien et al., 2015, 2016b)). For image processing analysis and pellet
density illustration, the water surface was divided into 800 virtual
sectors: 25 divisions in the radial direction and 32 in the circumfer-
ential direction (Fig. 5). For comparison with the Styrofoam box mea-
surements, we also deﬁned two perpendicular virtual box arrays with
26 box segments of rectangular shape that emulated the Styrofoam
boxes with a size of 0.4 m×0.8m.
2.4.2. Styrofoam box pellet count
We counted the pellets in the Styrofoam boxes semi-automatically
from the photos taken during the experiment using the open source
image analysis software OpenCFU (Geissmann, 2013). A 4-point convex
polygon region of interest – enclosing the visible bottom of the box –
had to be deﬁned to avoid pellet counting from adjacent boxes. No
image pre-processing like noise-ﬁltering was necessary and standard
local thresholding (with a radius of 15 to 20 pixels) led already to a
robust identiﬁcation and counting of separated individual pellets.
However, a manual count correction was necessary for pellet clusters
that appeared when several pellets gathered tighter together (see.
Fig. 6).
2.4.3. Image processing
The aim of the image sequence analysis of the aerial videos from the
UAV-camera is to determine the spatial pellet distribution based on the
visible splashes that appear when the pellets hit the water-surface. An
assumption we make is that the splash-activity is proportional to the
number of pellets that hit the surface. Single pellets create usually a
countable splash that is visible for a few frames, however pellet-clusters
result in larger not-countable areas of splash-activity and the splash
surface area is taken as indicator for the amount of involved pellets. The
diﬀerent weather conditions lead to largely varying reﬂections on the
water surface and the main image processing based challenges arise due
to these diﬀerent and often quickly changing lighting conditions. Fig. 7
shows the top-view images from the 3 diﬀerent experiments. The ﬁrst
left image shows an image during a C600 experiment and due to a gray
cloudy day the water surface appears uniformly gray. Compared to the
weather conditions during the other two experiments (brighter days
with some clouds) this represented the best and therefore preferred
condition for an automatic detection of the pellet splashes.
In Fig. 8 a typical top-view image from a video taken by the UAV-
camera during the C600-experiment is shown. Here the rotating
spreader is located in the centre of the white “cross” that consists of
concatenated Styrofoam boxes and lies within the circular frame of the
hamster wheel. The feeding pipe comes in from the lower right side of
the cage. Our aim was to analyze the video data such that we can
measure the position and size of the splashes from the dropping feed
pellets relatively to the rotating spreader. For this the position of the
rotating spreader and the feeding pipe orientation was marked manu-
ally within the videos and used to set the origin and the x-axis of the
reference coordinate system. The absolute scale in the image at water
level was determined by the known distance between two poles of the
hamster wheel. A virtual circular surface disk of about 10m was di-
vided into the angle-radius-segments in which we measure the accu-
mulated splash activity (compare Fig. 5).
2.4.4. Splash activity detection
When the pellets hit the water-surface usually a bright splash is
visible for about 4–7 frames and in our approach we detect and count
the splash pixels that are brighter than the near neighborhood. As the
images/videos are taken outdoors in a natural environment we also had
Fig. 4. Overhead footage taken from the UAV. The
rotary spreader is located in the centre of the image
with the feed pipe entering from the top. Four rows of
Styrofoam boxes are visible, with the two vertical rows
running along the direction of the feed pipe, and the
two horizontal rows running perpendicular to the di-
rection of the feed pipe.
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to deal with the quickly changing lighting conditions – mainly induced
by the reﬂection of clouds on the water-surface and possibly due to
slight changes in the camera position – in an adaptive way. In a pre-
processing step we compute the running mean (with an update rate of
0.05 for a new video frame) in order to capture the brightness-changes
on the water surface adaptively. The diﬀerence image between this
running mean and the current image frame captures then short time
image changes like the occurrence of splashes quite well and helped to
compensate for the illumination changes due to cloud-reﬂections and/
or water-brightness-changes. Then the splashes of the dropping pellets
have to be identiﬁed and extracted in order to count or measure the
splashes/splash-areas relative to the spreader in the images. For this a
morphological “top-head” image processing step followed by a
thresholding is employed on the diﬀerence image to extract the brighter
pixels that correspond to the splashes. A masking of the rigid hamster
wheel along with the more ﬂexible ropes helps to avoid to identify
small motions or changes at the border of these structures wrongly as
splashes. Using the initial spreader position as centre-point and the
predeﬁned radius to the hamster wheel we divide the circular neigh-
borhood into angle-radius segments within which we count the pixels
that are classiﬁed as a splash in the water. Normalizing this, we can
compute and illustrate the measured probability density for the splash
activity (Fig. 9).
3. Results
Analyzing the splash activity from the UAV videos we could de-
termine the spatial pellet distribution of the used spreaders. An example
for the C600 experiment at an air speed of 20m s-1 is illustrated in
Fig. 10. Note that the pellet splashes detected were normalized and for
each of the sectors were adjusted by an areal factor (divided by the area
of the respective sector), so that the color coded display reﬂects the
density of the pellet distribution. A main characteristic of the observed
pellet density is the non-uniform distribution of pellet splashes during
the observed time-period. This mainly comes from the fact that the
pellets often come out of the spreader pipe in clustered batches with a
Fig. 5. The origin of the coordinate system introduced
for reference was placed at the center of the spreader,
positive x-axis along the feed pipe (orange) away from
the spreader, and z-axis pointing towards the sea. The
water surface was divided into 800 sectors (violet), 25
in the radial direction – corresponding to the width of
the Styrofoam boxes (white) – and 32 in the cir-
cumferential direction. (For interpretation of the re-
ferences to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 6. OpenCFU was used to semi-automatically count the pellets in the images of the Styrofoam boxes. Pellet clusters required a manual correction of the count.
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high pellet density. The distribution for the other experiments show a
very similar characteristic and we basically analyze the data based on
the mean radial distribution. That means we compute the mean dis-
tribution in radial direction by gathering the pellet splashes over the
whole 360° circle. Note that the observed rotor spreader rotation speed
was largely dependent on blower air speed. An increase in blower air
speed of 25% from 16m s-1 to 20m s-1 increased the rotation speed of
the 600mm bend radius pipes with approximately 26% and the rota-
tion speed of the 450mm bend radius pipe with approximately 43%.
The H600 had a slightly higher rotation speed than the C600. This is
likely due to the C600 being less stable in the water making the
movement hindering a smooth rotation. The H450 had much higher
rotation speed than the other models due to the total mass being lower
and the center of mass being closer to the rotation axis (Table 1).
Below, we ﬁrst compare the results we got by the Styrofoam box
method with the image analysis results and then summarize the data
obtained for all spreader conﬁgurations.
3.1. Comparing aerial images and the Styrofoam box method
In order to compare the two methods, namely the aerial image
analysis and the Styrofoam box pellet count method, the ﬁrst experi-
ment with recordings of the C600 spreader were performed using both
methods simultaneously. Note that in that case pellets landing in the
Styrofoam boxes could not be detected by the image analysis, because
they were not landing in the water, ergo no splash appears. But more
relevant is that the white boxes appear very bright in the images,
making any pellet detection in these overexposed image-areas im-
possible. The lack of splash detections within sectors covering or
overlapping the box rows is reﬂected in the fact that no or lesser pellet
density is measured in these areas. In Fig. 10 this can be seen in the
color plots as sectors with colder color (blue) running radially from the
center and outwards. An estimate for each of the sectors where the
boxes were present were therefore made using the average splash de-
tection numbers between the adjacent sectors on either side cir-
cumferentially. The comparison was performed using normalized
numbers (Fig. 11). The characteristic of both distributions is reasonable
similar thereby verifying that the aerial image analysis is equally sui-
table for determining the pellet spread. However we note that during
the C600 experiment the lighting conditions for identifying the surface
splashes were better than for the other two experiments.
3.2. Pellet distribution
In order to analyze the pellet distribution across the water surface
from the rotor spreader, all sectors in circumferential direction were
combined resulting in a more robust radial distribution that is
smoothing the non-homogeneous spreading eﬀects. This in turn allows
Fig. 7. Topview images of the hamster
wheel of the ﬁsh cage taken by the
UAV-camera for the C600, H600 and
H450 pellet rotor spreader experi-
ments. For an automatic video analysis
the changing weather conditions led to
challenging lighting conditions. For an
automatic detection of the splashes the
gray cloudy day resulted in a uniformly
gray water surface and worked best for
an automatic detection of the splashes.
Fig. 8. Left: Topview image taken during a C600 spreader experiment by the UAV-camera. The main visible structures are labeled. Right: A threshold applied to the
intensity values of the image is used in further post-processing to exclude structures that may falsely be seen as splashes.
Fig. 9. (A) Top view of the water-surface with some pellet splashes and varying lighting conditions. (B) The resulting splash activity image after illumination
correction and the application of a morphological top-head ﬁlter. (C) Pixels counted as showing splash activity.
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to quantify some key-variables that describe the distribution. We con-
sidered for each spreader conﬁguration the area where 90% of the
pellet splashes were detected. In particular the area was set between an
inner limit, cutting oﬀ the 5% of splashes detected closest to the
spreader, and an outer limit, cutting oﬀ the 5% of splashes detected
furthest away from the spreader. That means that the distribution can
be characterized by the inner limit radius and the outer limit radius
which diﬀerence provides an approximate spread-range for the con-
sidered spreaders. In addition the center of gravity for the radial splash
distribution was calculated as follows:
Fig. 10. Pellet splash detections on the water surface for the C600
experiment at an air speed of 20m s-1. Splash detections are
normalized and divided by the area of the respective sector. Red
colors represent a higher density of pellet splash detections. (For
interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Table 1
Rotation speed of the spreader pipe in rounds per minute for the three
rotor spreader models at blower air speeds 16m s-1 and 20m s-1.
16 20
[rpm] [rpm]
C600 30 38
H450 46 66
H600 34 43
Fig. 11. Comparison between pellet counts in the Styrofoam boxes and an estimate of pellets landing in the same area using splash detections from aerial images.
Distance from the centre is given from the middle of the box used to collect the pellets.
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In Fig. 12 we show the radial pellet splash distribution for the C600
experiment (air speed 20m s-1). The inner limit radius, the outer limit
radius and the center of gravity are displayed as dotted and dashed lines
respectively. The results characterizing the pellet splash distribution for
all the pellet spreader experiments are summarized in Table 2.
Winds and waves generally will have an impact on the actual pellet
distribution, but the wind measured (Fig. 13) during our experiments
were generally low (light air to light breeze) and we belief that the
uncertainty and skewness in the observed distribution are larger in-
ﬂuenced by the fact that the pellets often are spread in clustered bat-
ches with high pellet density. This corresponds with the results from
simulation studies (Skøien et al., 2016b).
4. Conclusion/discussion
The aim we pursue with this paper is twofold. One is the in-
vestigation of the spreading performance and comparison of diﬀerent
spreaders. The other is the development and exploration of computer
vision algorithms that allow to perform a more continuous or daily
monitoring of the feeding process. Our applied method has some lim-
itations concerning the amount of waves and wind it can cope with. As
soon as for example the waves break on the surface the created splashes
would be falsely identiﬁed as pellet splashes. More advanced image
based ﬁltering and classiﬁcation methods would be necessary to cope
with such situations. Another possibility would be to track the visible
ﬂying pellets (using a high resolution camera in space and also in time)
until they disappear. From the image processing analysis of the top-
view video recordings of diﬀerent feed pellet spreader conﬁgurations
we found that images from an aerial camera platform, such as an UAV,
can be utilized for characterizing feed pellet distribution of rotor
spreaders. The method can be used in commercial salmon ﬁsh-cages
without additional setup and therefore not disturbing the production.
We observed that the used image resolution was high enough to be able
to detect splashes that result from single pellets. However, exact pellet
count is not possible due to the fact that pellet clusters easily result in a
Fig. 12. Pellet splash detections from combined circumferential
sectors as a measure of quantiﬁed pellet distribution from rotor
spreaders. The area where 90% of the pellet splashes were de-
tected was set between an inner limit, cutting oﬀ the 5% of
splashes detected closest to the spreader, and an outer limit,
cutting oﬀ the 5% of splashes detected furthest away from the
spreader (dotted lines). The center of gravity of all the splash
detections is indicated by the dashed line.
Table 2
Quantiﬁed pellet distribution from diﬀerent spreader conﬁgurations.
Distribution is deﬁned between an inner limit, cutting oﬀ the 5% of splashes
detected closest to the spreader, and an outer limit, cutting oﬀ the 5% of
splashes detected furthest away from the spreader.
Spreader
conﬁguration
90% of pellets were detected within Center of
gravity [m]
Inner limit
[m]
Outer limit
[m]
Diﬀerence [m]
C600-16 2.6 6.2 3.6 4.3
C600-20 1.8 7.4 5.6 4.9
H450-16 1.4 5.8 4.4 3.5
H450-20 3.4 7.4 4.0 5.4
H600-16 1.8 6.2 4.4 4.0
H600-20 2.2 8.2 6.0 5.5
Fig. 13. Wind direction and speed during replicate 1 (dark orange), replicate 2
(light orange) and replicate 3 (light violet) of each experiment with rotor
spreader models C600 (top), H450 (middle) and H600 (bottom) at blower air
speeds 16m s-1 (left) and 20m s-1 (right). The feed pipe direction is indicated by
the vertical black line in each diagram. Missing arrows mean the wind was too
low to be measured at that time. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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larger uncountable non-homogeneous bigger splash where individual
pellets cannot be distinguished. Some factors that make the image
analysis of such aerial videos challenging come from the fact that the
recorded scene is not static and the spreader center is moving within the
video recordings and that diﬀerent weather conditions can lead to
quickly changing lighting conditions. The results in this study showed
also a variation within replicated experiments. Therefore it is re-
commended that longer observation periods are used in future experi-
ments using this method, increasing the data basis and thereby in-
creasing the precision of the suggested method. The signiﬁcance of this
work comes from the fact that the performed measurement of the feed
distribution – if done continuously and connected to a control system
that targets the pellets to the ﬁsh – will help to reduce any environ-
mental impact that results from uneaten feed and pollutes the water.
We belief that the observation of the feeding process with an unmanned
areal vehicle or a top-view camera mounted to a construction above the
“hamster wheel” will be one way in the nearer future to continuously
observe the pellet distribution on the surface of salmon ﬁsh cages and
control the feeding by this information. A simple control mechanism for
adjusting the feeding based on through-coming pellets and ﬁsh position
is for example suggested in (Parra et al., 2018).
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